The long-term fates of duplicate genes are well studied both empirically and theoretically, but how the short-term evolution of duplicate genes contributes to phenotypic variation is less well known. Here, we have studied the genetic basis of flowering time variation in the disomic tetraploid Capsella bursa-pastoris. We sequenced four duplicate candidate genes for flowering time and 10 background loci in samples from western Eurasia and China. Using a mixed-model approach that accounts for population structure, we found that polymorphisms at one homeolog of two candidate genes, FLOWERING LOCUS C (FLC) and CRYPTOCHROME1 (CRY1), were associated with natural flowering time variation. No potentially causative polymorphisms were found in the coding region of CRY1; however, at FLC two splice site polymorphisms were associated with early flowering. Accessions harboring nonconsensus splice sites expressed an alternatively spliced transcript or did not express this FLC homeolog. Our results are consistent with the function of FLC as a major repressor of flowering in Arabidopsis thaliana and imply that nonfunctionalization of duplicate genes could provide an important source of phenotypic variation.
G
ENE duplication has had a major impact on most eukaryote genomes, many of which contain duplicate gene pairs that have been retained for long evolutionary periods of time (Nadeau and Sankoff 1997; Lynch and Conery 2000; Wendel 2000) . In the long term, retention of duplicate genes is expected if (1) there is selection for maintenance of dosage balance (Papp et al. 2003) or for increased gene dosage (Conant and Wolfe 2008) , (2) each copy accumulates mutations that result in the degeneration of independent subfunctions (subfunctionalization) (Force et al. 1999) , or (3) one copy acquires mutations resulting in a new function and the other copy remains under purifying selection (neofunctionalization) (Ohno 1970) . The likelihood of each of these outcomes depends on the effective population size, and in most eukaryotes the vast majority of duplicate genes are expected to acquire loss-of-function mutations within a short period of time after they arise (Lynch and Conery 2000) . When loss-of-function mutations have been fixed in the population, leaving only one functional copy, the process of nonfunctionalization is complete.
Before fixation occurs, segregating mutations leading to partial or complete loss of function of a duplicate gene could constitute an important source of phenotypic variation. This would be expected especially for genes whose effect on the phenotype is dependent on gene dosage (Osborn et al. 2003) . Consistent with this hypothesis, null mutations at duplicated genes have been shown to contribute to variation in photoperiod sensitivity, vernalization requirement, and timing of seed maturity in polyploid wheat (Dubcovsky and Dvorak 2007) . Genomic data suggest that newly arisen gene duplicates do indeed undergo a brief period of partially relaxed selection (Lynch and Conery 2000) and a large-scale assessment of intraspecific sequence diversity in Arabidopsis thaliana found that recent duplicates exhibited an excess of changes with a major effect on gene integrity (Clark et al. 2007) . Gene duplication has also been shown to alter patterns of gene expression (e.g., Liu and Adams 2007; Ha et al. 2009 ). For example, interspecific comparison between A. thaliana and its close relative A. arenosa and examination of gene expression patterns in resynthesized and natural allotetraploids of these two species indicate that duplicate genes generally have higher levels of expression divergence than single-copy genes and thereby could have contributed to hybrid vigor ). However, data connecting the early stages of duplicate gene evolution to phenotypic variation are still scarce. Here we have conducted a candidate gene association study of flowering time in the tetraploid Capsella bursa-pastoris with the aim to assess the role of polymorphisms at duplicate genes for phenotypic variation in a wild tetraploid species.
C. bursa-pastoris is a predominantly selfing, disomic tetraploid with a nearly worldwide distribution. Although it has low levels of variation at cpDNA and nuclear genes (Ceplitis et al. 2005; Slotte et al. 2008) , it is very variable for many morphological and life-history traits, including flowering time (Hurka and Neuffer 1997) . Flowering is induced by long days, and natural accessions differ in their requirement of vernalization (a prolonged cold treatment) for flowering (Slotte et al. 2007) . The genetic basis of flowering time variation in C. bursa-pastoris has begun to be elucidated through quantitative trait locus (QTL) mapping and expression studies (Linde et al. 2001; Slotte et al. 2007) .
In this study, we chose to focus on four candidate genes in A. thaliana. In C. bursa-pastoris, these genes are duplicated as a result of polyploidy. For two of the candidate genes, CRYPTOCHROME 1 (CRY1) and LUMINIDEPENDENS (LD), one homeolog in C. bursa-pastoris is situated in a region encompassed by a major flowering time QTL (A. Ceplitis, T. Slotte, B. Neuffer, M. Linde, T. Kraft and M. Lascoux, unpublished data). CRY1 encodes a blue-light photoreceptor involved in the photoperiodic flowering time pathway, whereas LD is part of the autonomous flowering time pathway (Lee et al. 1994) . We also included homologs of two major determinants of flowering time variation in the model species A. thaliana, FRIGIDA (FRI), and FLOWERING LOCUS C (FLC) (Michaels et al. 2003) . In A. thaliana, natural variation at these two genes confers variation in vernalization requirement ( Johanson et al. 2000; Lempe et al. 2005; Werner et al. 2005; Shindo et al. 2006 ). FLC encodes a major repressor of the transition to flowering, which acts in a dosage-dependent manner and is downregulated by vernalization (Michaels and Amasino 1999; Sheldon et al. 1999 ). FRI in turn acts to upregulate FLC and therefore confers a vernalization requirement for flowering.
We tested for an association between flowering time and sequence polymorphism at these four pairs of duplicate genes in C. bursa-pastoris. Because population structure can lead to spurious associations, we also sequenced 10 background loci to assess population stratification and conducted association analyses in a mixed-model setting, a method that successfully reduced the rate of false positives in A. thaliana (Zhao et al. 2007) . Detailed characterization of significantly associated candidate loci was carried out to assess whether associations were likely due to polymorphisms at the candidate loci. Our results suggest that ongoing nonfunctionalization of duplicate genes contributes to potentially adaptive flowering time variation in C. bursapastoris.
MATERIALS AND METHODS
Association populations: Because samples from different parts of the species range differ with regard to the history of introgression from C. rubella (Slotte et al. 2008) , we searched for associations in two separate association populations. The association populations consisted of 60 C. bursa-pastoris accessions from Europe, the Middle East, and North Africa (here called western Eurasia for brevity) and 42 C. bursa-pastoris accessions from China (Figure 1 ). The ploidy level of all accessions was checked by cell flow cytometry as in Slotte et al. (2006) . Genomic DNA was extracted from fresh or frozen leaf Flowering time:
The flowering time of all accessions from western Eurasia was determined previously (Ceplitis et al. 2005) . Briefly, seeds were germinated in petri dishes and seedlings were transferred to individual pots and grown in the greenhouse in fully randomized blocks with a 16-hr photoperiod. Seeds from the Chinese accessions were stratified for 4 days at 4°on moist filter paper and subsequently transferred to soil in pots, which were placed in randomized positions in a growth chamber (16 hr cool white light/8 hr dark, 23°). Flowering time was measured as the number of days from germination to the opening of the first flower.
PCR and sequencing: To provide information on population structure in C. bursa-pastoris, we sequenced parts of five background genes. We chose background genes that are involved in different physiological processes and unlinked, i.e., situated on different ancestral chromosomes (AK) (Schranz et al. 2006) in C. rubella (Table 1) . For each gene, both homeologs, i.e., the two loci duplicated by polyploidy, were sequenced. As candidate loci for flowering time, we obtained partial sequences of both homeologs of CRY1, LD, FRI, and FLC. Sequences for both homeologs of Alcohol dehydrogenase (Adh), CRY1, FLC, FRI, LD, and PISTILLATA (PI) for 50 of the western Eurasian accessions and all Chinese accessions were obtained in a previous study (Slotte et al. 2008) . Here, we sequenced these loci in 10 additional western Eurasian accessions and both homeologs of three additional genes (AT1G03560, AT2G20470, and AT2G36530; LOS2; Table 1 ) in all 60 western Eurasian accessions and all 42 Chinese accessions. For each gene, 0.3-0.9 kb of each homeolog was sequenced, resulting in 18 loci (10 background loci and 8 candidate loci) and a total of $9.3 kb per accession.
All sequences analyzed in this study were amplified using homeolog-specific primers, to avoid PCR-mediated sequence artifacts (Cronn et al. 2002) . For PISTILLATA (PI), Alcohol dehydrogenase (Adh), and LD, we used homeolog-specific primers and PCR protocols developed in Slotte et al. (2006) and for CRY1, FLC, and FRI, we used primers and protocols from Slotte et al. (2008) . For AT1G03560, AT2G20470, and LOS2, new homeolog-specific primer pairs were developed according to the same strategy. A detailed outline of amplification protocols, primers, and sequencing details is given in supporting information, File S1. Briefly, we initially used primers located in conserved regions (Table S1 ) to amplify both homeologs of each gene in four accessions of C. bursa-pastoris. The resulting heterogeneous PCR products were cloned. On the basis of clone sequences, homeologspecific primers (Table S2) were then designed so that the 39 end of one primer in each primer pair was located in a region where the two homeologs were divergent. Homeologs were designated as A or B on the basis of sequence similarity to C. rubella as in Slotte et al. (2006) or were arbitrarily designated L1 and L2 if no C. rubella sequences were available. Sequences have been deposited in GenBank under accession nos. GQ251527-GQ252249.
Population genetic analyses: We estimated the population mutation parameter per nucleotide site u ¼ 4N e u (with N e the effective population size and u the mutation rate), using Tajima's estimator p (Tajima 1989 ) and Watterson's estimator u w (Watterson 1975 ). In addition we obtained an estimate of haplotype diversity (Hd). All the above estimates were obtained in DnaSP V. 4.10.9 (Rozas et al. 2003) . Sites containing indels were excluded from all diversity analyses.
To assess population stratification, we used the admixture model implemented in STRUCTURE V. 2.2 (Pritchard et al. 2000) .This model attempts to infer the proportion of ancestry (q) of each individual in the sample in a number (K) of ancestral populations where unlinked markers are at HardyWeinberg and linkage equilibrium. For these analyses, sequences were recoded as haplotypes on the basis of all polymorphic sites, including indels. Only background loci were included, and because C. bursa-pastoris is a selfing species, the Hardy-Weinberg equilibrium assumption was relaxed by treating the data as haploid (see, e.g., Falush et al. 2003) . Homeologs were assumed to be independently inherited, as expected in a tetraploid with disomic inheritance. The number of clusters with the highest posterior probability was selected for further analyses. Each run had 1,000,000 iterations, had a burn-in of 200,000, and was repeated three times for K 1-10. Allele frequencies were assumed to be correlated (Falush et al. 2003) . For the optimal K, we extracted the Q matrix, i.e., the q values for each individual in each of the inferred clusters, and used it to account for population structure in the mixed-model association analysis (see below).
Mixed-model analysis: For association analysis, we employed a mixed-model approach (Yu et al. 2006; Zhao et al. 2007) . As in Zhao et al. (2007) , we modeled the vector of phenotypes, y, as
where X contains candidate locus genotype information, a is a vector of allelic effects that we wish to estimate, Q contains the proportion of ancestry in each of the K ancestral populations inferred by STRUCTURE, b is a vector of subpopulation effects, I is an identity matrix, u are random deviates due to overall genomewide relatedness, and e is residual error. Flowering time data were analyzed as the number of days from germination to flowering, transformed by the natural logarithm. The proportion of shared haplotypes between each pair of individuals, K*, calculated for all variable background loci, was used to account for kinship in mixed-model analyses. Mixed-model analysis was done in SAS 9.1 (SAS Institute, Cary, NC) using PROC MIXED, and significance of fixed effects was determined by type 3 F-tests with Satterthwaite denominator degrees of freedom. FLC splicing and expression assays: The impact of a FLC A polymorphism on splicing variation was assayed in four Chinese accessions harboring a nonconsensus splice donor site 39 of FLC A exon 5 (FLC A SNP495), four western Eurasian accessions with a nonconsensus splice acceptor site 59 of FLC A exon 5 (FLC A SNP452), and eight accessions with consensus splice sites 59 and 39 of FLC A exon 5. For each accession, total RNA was extracted from a single 2-week-old nonvernalized seedling grown under the same long-day conditions described in the Flowering time section above, using the RNeasy Plant Mini Kit (QIAGEN), with DNaseI digestion. First-strand cDNA was synthesized from 0.5 mg total RNA, with SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA) and an oligo(dT) 20 primer, according to the enzyme manufacturer's instructions. The cDNA was diluted 1:100, and a region of FLC ranging from exon 1 to 7 was amplified using primers FLC3_1F (CTGTTCTCTGTGACGCATCC) and FLC3_7R (GAGTCACCGGAAGATTGTCG), and the product was purified and directly sequenced. We compared transcribed SNPs in cDNA sequences to genomic sequences to determine which homeolog was expressed. A shorter region of FLC ranging from exon 4 to 7 was amplified using primers FLC2_4F (GAGGAACACCTTGAGACTGC) and FLC2_7R (TTTGTCCA GCAGGTGACATC) and size scored on a 1.5% agarose gel. The results were compared to GENSCAN (Burge and Karlin 1997) coding sequence (cds) predictions based on genomic DNA sequences.
We quantified the total level of FLC expression by qRT-PCR, as in Slotte et al. (2007) . Primers FLC_5 (CATGAGCTACTTG AACTTGTGGAAA) and FLC_6 (TTCGGCACTCACATTATT GACAT) were used to amplify both homeologs of FLC and primers TUB_1 (ACCACTCCTAGCTTTGGTGATCTG) and TUB_2 (AGGTTCACTGCGAGCTTCCTCA) were used to amplify the reference gene TUB.
RESULTS
Diversity estimates: Mean diversity levels were higher in western Eurasia than in China (Table 2; Table S3 ). Nucleotide diversity estimates were somewhat higher for background loci than for candidate loci in both regions, but haplotype diversity estimates were similar ( Table 2 ). The number of haplotypes at each locus ranged from one to four in both regions. In China, one background locus, the B homeolog of AT1G03560, and both homeologs of the candidate locus CRY1 were monomorphic. In western Eurasia, three background loci, Adh B and the L1 homeologs of AT2G20470 and LOS2 were monomorphic, as was FLC B. At each candidate and background gene, we amplified and sequenced two distinct homeologs in each individual, and there was no haplotype sharing among homeologs. Thus, in agreement with mapping data that show disomic inheritance of duplicate genes in C. bursa-pastoris (A. Ceplitis, T. Slotte, B. Neuffer, M. Linde, T. Kraft and M. Lascoux, unpublished data), our data exhibit a pattern of ''fixed heterozygosity'' as expected in a selfing tetraploid with disomic inheritance, justifying the treatment of homeologs as independently inherited.
Population stratification: We ran STRUCTURE on all variable background loci, i.e., on seven and nine background loci for the western Eurasian and Chinese accessions, respectively. In western Eurasia, the posterior probability of K was highest for two clusters ( Figure  2 ). These clusters consisted of a northern group and a southern group, and each accession was assigned to either cluster with high probability (q . 0.9 for one of the two clusters, Figure S1 ). There was no detectable population stratification among the Chinese accessions (Figure 2 ).
Association analysis: In western Eurasia, there were a total of 20 nonsingleton single-nucleotide polymorphisms (SNPs) in the seven polymorphic candidate loci. We tested for an association between every candidate gene SNP and flowering time, using a mixed model that takes both population structure (Q ) and kinship (K *) into account. There was a significant association between 4 SNPs and flowering time, at a 5% nominal significance level. One significant candidate gene SNP was located at position 452 in FLC A and corresponded to a polymorphism resulting in a nonconsensus splice acceptor site (AT instead of AG) 59 of exon 5. Accessions that had the nonconsensus splice acceptor site flowered earlier than accessions with the consensus splice site (Figure 3 , Table 3 ). The remaining 3 significant SNPs were located in the A homeolog of CRY1 and were in complete linkage disequilibrium. The haplotype defined by these synonymous polymorphisms is shared with the closely related diploid species C. rubella (Slotte et al. 2008) . CRY1 A alleles shared with C. rubella were segregating in the northern cluster of C. bursa-pastoris and accessions harboring these alleles flowered later than accessions with C. bursa-pastoris alleles (Table 3) . There were no replacement substitutions in the entire CRY1 A coding sequence between two assayed accessions with different CRY1 A genotypes.
Because there was no discernible population structure in the Chinese association population, we tested for association in this population using a simpler model without Q and K*. There were a total of four nonsingleton SNPs in three of the candidate genes, and one of these SNPs, at position 495 in the sequenced region of FLC A, exhibited an association with flowering time at a nominal 5% significance level (Table 3 ). The minor allele at this SNP yielded a nonconsensus splice donor site (AT instead of GT) 39 of FLC A exon 5. Again, accessions harboring the nonconsensus splice site at FLC A flowered earlier than accessions with the consensus splice site (Figure 3) . Haplotype-based tests of each candidate locus yielded similar results in both geographical regions (not shown): CRY1 A and FLC A were significantly associated with flowering time in western Eurasia (two of seven tests significant at a nominal 5% level) and FLC A was significantly associated with flowering time in China (one of three tests significant at a nominal 5% level).
FLC splicing and expression assays: We performed additional assays to assess the impact of splice site polymorphisms on the FLC A transcript and global FLC expression level.
Chinese accessions with a nonconsensus splice site at FLC A SNP495 either expressed both FLC A and FLC B or expressed FLC A only. Their FLC A transcripts lacked a 42-bp region corresponding to exon 5, in accordance with GENSCAN cds predictions (Figure 4) . One of the four assayed western Eurasian accessions with a nonconsensus splice site at FLC A SNP452 also expressed an FLC A transcript that lacked exon 5. We could not detect FLC A but only FLC B in the three other western Eurasian splice mutants (Figure 4 ). In the eight assayed accessions with consensus FLC splice sites, both homeologs were expressed in four and in two accessions each we could detect only FLC A or FLC B, respectively. There was a significant correlation between flowering time and total FLC expression level in western Eurasian accessions (Spearman's R S ¼ 0.88, P ¼ 0.03); however, the difference in the total level of FLC transcript between western Eurasian splice site mutants and accessions with consensus splice sites was not significant ( Figure S2 ).
DISCUSSION
In this study, we have obtained DNA sequence data for 10 background loci and four duplicate candidate genes for flowering time in two geographically well-separated samples of C. bursa-pastoris, to assess the role of poly- The standard error (SE) of the estimated allelic effect (in log days to flowering), the denominator degrees of freedom (d.f.), the F-value, and the corresponding P-value are given for SNPs that had a significant association with flowering time at the nominal 5% level. Accessions with allele 1 at FLC A position 452 in western Eurasia, or allele 1 at position 495 in China, which result in a nonconsensus splice site, flower earlier than accessions with consensus splice sites. morphisms at duplicate (homeologous) genes for flowering time variation. Specifically, we were interested in testing whether polymorphisms of major effect on gene integrity were segregating and affecting phenotypic variation.
In agreement with studies of variation at chloroplast microsatellites (Ceplitis et al. 2005) and nuclear genes (Slotte et al. 2008) , we find overall low levels of nucleotide diversity in C. bursa-pastoris. Reduced diversity levels are expected in a polyploid if the origin of the species was recent and constituted a severe bottleneck. Indeed, nucleotide diversity in C. bursa-pastoris (mean p ¼ 0.001) was lower than in both its diploid congeners [the selfer C. rubella, mean p ¼ 0.002 over all sites; and the outcrosser C. grandiflora, mean p ¼ 0.011 over all sites (Foxe et al. 2009)] and was also lower than in A. thaliana [mean p ¼ 0.0071 over all sites ]. Despite the generally low levels of variation, we found robust evidence for population stratification in western Eurasia, where C. bursa-pastoris accessions from northern and southern Europe formed two distinct clusters. Taking the inferred population structure into account, SNPs at two of the candidate genes, the A homeologs of CRY1 and FLC, were significantly associated with flowering time variation in western Eurasia. In China, where STRUCTURE did not detect any population stratification, another SNP at the A homeolog of FLC was significantly associated with flowering time variation.
Although it has been shown that genomewide association studies in highly structured species suffer from elevated false positive rates (Aranzana et al. 2005; Zhao et al. 2007) , several lines of evidence suggest that the associations discovered in the present study are not examples of such false positives. For instance, both FLC A SNPs that were associated with flowering time have major effects on gene integrity because they affect splice sites. Chinese accessions with a nonconsensus splice donor site 39 of exon 5 had an FLC A transcript that lacked exon 5 and flowered earlier than accessions with a consensus splice donor site. Lack of this exon results in a deletion in the K domain, a conserved domain that is involved in protein-protein interaction (Yang et al. 2003) . If a deletion in the K domain affects the function of FLC, early flowering would be the expected outcome given that FLC is a potent repressor of the transition to flowering. In A. thaliana, splice site mutations in FLC have been shown to disrupt FLC function (Michaels and Amasino 1999) and naturally occurring splice forms of FLC have been identified, many of which have effects on flowering time variation (Caicedo et al. 2004; Lempe et al. 2005; Werner et al. 2005) . The function of FLC as a repressor of the transition to flowering also seems to be conserved at least within the Brassicaceae, although the details of FLC regulation may differ (e.g., Tadege et al. 2001; Wang et al. 2009 ). Indeed, an induced mutation at a splice site in FLC was recently shown to affect the transition to flowering and polycarpic habit of Arabis alpina (Wang et al. 2009 ) and naturally occurring splice forms of FLC1, a Brassica ortholog of FLC, are associated with flowering time variation in Brassica rapa (Yuan et al. 2009 ). Thus, although none of the previously identified splice forms are identical to the ones identified here, it seems reasonable to expect splicing variation at FLC to have effects on flowering time in Capsella.
Early flowering in European accessions with mutations at a different FLC A splice site seems to be partly through a different mechanism. Although one very early-flowering accession (SE12) expressed an alternatively spliced transcript identical to that found in Chinese splice site mutants, the other three assayed accessions did not express FLC A at detectable levels. The fact that accessions harboring FLC splice site mutations were found at relatively low frequencies (10%) and that several additional polymorphisms with effects on FLC transcript integrity are segregating among other accessions from China (H.-R. Huang and X.-J. Ge, unpublished data) suggests relaxed purifying selection on FLC in C. bursa-pastoris. However, the parallel occurrence of identical splicing variants in two separate geographical regions raises the possibility that positive selection for early flowering could have favored accessions harboring major-effect polymorphisms at FLC.
In a previous study we found no differences in the level of FLC expression between two pairs of early-and late-flowering accessions (Slotte et al. 2007 ); however, this study did not include any accessions with splice site mutations. Because FRI acts to increase the expression of FLC in the absence of vernalization, we hypothesized that coding differences or null mutations in FRI such as the common deletions conferring natural variation in A. thaliana were not important for flowering time differences between the C. bursa-pastoris accessions studied. In agreement with this, we found no association between FRI polymorphisms and flowering time in this study, this time in two large samples of accessions from separate parts of the species range. However, even though FRI may not be important for flowering time variation in C. bursa-pastoris, variation at other genes in the vernalization pathway still appears to play a role, as indicated by the FLC A splice site polymorphisms uncovered in this study.
An inherent limitation of association mapping is that depending on the extent of linkage disequilibrium, associated polymorphisms may be due to polymorphisms at linked genes and not at the candidate gene under study. This seems to be the case for CRY1 A, because there were no differences in amino acid sequence between accessions at CRY1 A, and there was no differential expression of CRY1 between the early-and late-flowering accessions included in a previous study (Slotte et al. 2007 ), although we cannot exclude the possibility of differential expression of CRY1 among the larger set of accessions in this study. The SNPs at CRY1 A that are associated with late flowering in western Eurasia define a haplotype that is shared with C. rubella. If the CRY1 A haplotype shared with C. rubella is indeed recently introgressed, as we concluded in a previous study (Slotte et al. 2008) , linkage disequilibrium could extend a considerable distance. Given the possible involvement of altered circadian rhythms to hybrid vigor in allopolyploids (Ni et al. 2009 ), differential expression of core circadian clock genes between early-and lateflowering C. bursa-pastoris (Slotte et al. 2007) , and the importance of the circadian clock in the control of flowering time, circadian clock genes in this chromosomal region could be good candidates for further study.
In conclusion, this study suggests that major-effect polymorphisms at one homeolog of FLC have evolved repeatedly in C. bursa-pastoris and have an effect on flowering time. Although further work is needed to fully characterize the genetic polymorphisms involved, this study suggests that ongoing nonfunctionalization of duplicate genes may contribute to flowering time variation in this species.
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FILE S1
Amplification of both homoeologs in C. bursa-pastoris: Initially, primers situated in conserved regions were designed to simultaneously amplify both homoeologous loci in the tetraploid (Table S1 ). For each gene, PCR products from four C. bursa-pastoris acessions were cloned into the pGEM-T Easy vector (Promega, Madison, USA), and PCR primers for specific amplification of each homoeolog were designed based on the sequences of at least 10 clones per gene and accession.
For LOS2, AT1G03560 and AT2G20470, PCR amplification was done in 20 µl reactions containing 2mM MgCl2, 0.2 mM dNTP, 0.3 µM of each primer, and 0.25 units of AmpliTaq Gold (Applied Biosciences, Foster City, California, USA).
LOS2 and AT2G20470 were amplified using a touchdown PCR protocol with an initial denaturation of 8 min at 95ºC, followed by 35 cycles of 30 s denaturation at 94ºC, 45 s annealing, and 1 min elongation at 72ºC, and a final 10 min elongation at 72ºC. The annealing temperature started at 59ºC and was decreased by 0.7ºC each cycle for the first 12 cycles, and was set at 50ºC for the remainder of the PCR program. For AT1G03560 the same protocol was used but the annealing temperature was set at 58ºC and 50ºC, respectively.
A region of CRY1, stretching from exon 1 to exon 3, was amplified from cDNA using primers CbpCRY1_1 and CbpCRY1_2 (Table S1 ). Reactions contained 2.5 mM MgCl2, 0.2 mMdNTPs, 0.3 µM of each primer, 1X Taq buffer (Fermentas) and 0.025 U/µl Taq DNA Polymerase (Fermentas). The PCR-protocol consisted of a 2.5 min initial denaturation at 94ºC, followed by 30 cycles of 30 s at 94ºC, 30 s annealing at 58°C and 1 min extension at 72ºC, followed by a final extension step of 7 min at 72ºC.
To obtain sequences for the entire coding region of CRY1, we performed 5'-and 3'-RACE using the FirstChoice RLM-RACE kit (Ambion, Austin, TX, USA).
Homoeolog-specific amplification: Homoeolog-specific amplification primers are listed in Table S2 . For AT1G03560, primer PPR-F-909 (Table S1 ) was used as a nonselective primer and the two primers PPR_LS1R_Alocus and PPR_LS1R_Blocus (Table S2) were used as selective primers. For AT2G20470, primer kinase_LS2F was used as the nonselective primer and primers kinase_LS2R_locus1 and kinase_LS2R_locus2 were used as selective primers (Table S2) .
For LOS2, the nonselective primer was LOS2_1F (Table S1 ) and the selective primers were LOS2_LS2R_locus1 and LOS2_LS2R_locus2 (Table S2 ).
The protocol for homoeolog-specific amplifications of AT1G03560 was identical to the touchdown protocol described above (see section "Amplification of both homoeologs in C. bursa-pastoris"). Homoeolog-specific amplification of AT2G20470
and LOS2 was done with the same protocol, but with a set annealing temperature of 62.4ºC. The amplification protocol for both CRY1 homoeologs had 1.8 mM MgCl 2, 0.18 mM dNTP, 0.3 µM of each primer and 0.02 U per µL of Taq polymerase (MBI Fermentas, Hanover, Maryland, USA), and the cycling scheme had a 2 min 30 s initial denaturation at 94ºC followed by 30 cycles of 30 s denaturation at 94ºC, 30 s annealing at 56.4ºC, 1 min extension at 72ºC, and a final extension of 7 min at 72ºC. FIGURE S1.-Estimated proportion of ancestry (q) in cluster Q1 (white) or Q2 (black) for C. bursa-pastoris individuals from western Eurasia. 
